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Abstract 
 
A three-week laboratory experiment, which introduces students in 
Advanced Inorganic Chemistry to air sensitive chemistry and catalysis, is 
described.  During the first week, the students synthesize RuCl2(PPh3)3.  During 
the second and third weeks, the students characterize the formed coordination 
compound and use it as a precatalyst for the oxidation of 1-phenylethanol to 
acetophenone. The synthesized RuCl2(PPh3)3 is characterized using 
1H and 31P 
NMR Spectroscopies, IR Spectroscopy, and magnetic susceptibility.   The 
students run catalytic and control reactions and determine the percent yield of 
the product using 1H NMR.  The synthesis and catalytic conditions are modified 
from previously published research articles.  The RuCl2(PPh3)3 complex is air 
sensitive and is prepared under a nitrogen gas atmosphere and worked up in an 
inert atmosphere glove box.    The catalytic and control reactions are set up in 
the inert atmosphere glove box and carried out at reflux outside of the glove box 
under a nitrogen gas atmosphere.   In this laboratory, the students learn how to 
set up and run a reaction under a nitrogen atmosphere.  The students also learn 
how to work in a glove box and how to set up and characterize catalytic and 
control reactions. 
 
 
 
! "
Keywords 
Inorganic Chemistry, Laboratory Instruction, Catalysis, Coordination Compounds, 
Oxidation/reduction, Alcohols, IR Spectroscopy, Magnetic Properties, NMR 
Spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! #
Lab Summary 
 
 This article presents a description of an Advanced Inorganic Chemistry 
experiment, which involves synthesizing an air-sensitive coordination compound 
and using it as a precatalyst in an oxidation reaction.    There are two primary 
reasons why this experiment was developed and implemented.  The first is the 
desire for undergraduate chemistry majors to have experience in working with 
vacuum and inert atmosphere systems. (1) The second is a need for students to 
have exposure to catalysis in the laboratory. (1)  Both of these outcomes are in 
accord with the recommendations of the American Chemical Society’s 
Committee on Professional Training. (1) 
 In this experiment, the students prepare RuCl2(PPh3)3  and use this 
complex as a precatalyst for the oxidation of an alcohol. (2) The alcohol is 
oxidized following a transfer hydrogenation process. (3)  Over the past three 
years, I have refined the synthesis and use of RuCl2(PPh3)3 as a precatalyst for 
the oxidation of alcohols in the Advanced Inorganic Chemistry Laboratory at 
Fairfield University. The complex, RuCl2(PPh3)3 is sensitive to air so the catalytic 
reactions are set up in an inert atmosphere glove box.   The laboratory is 
performed over three consecutive four hour laboratory periods and the students 
work in pairs.  In the first week, the students synthesize RuCl2(PPh3)3 and in the 
second and third weeks the students characterize the formed complex and carry 
out control and catalytic reactions. 
  This laboratory accomplishes several important goals:  it introduces 
students to an air sensitive synthesis; it gives students experience in working in 
an inert atmosphere glove box; (4,5) it gives students experience in 
characterizing their formed complex using 1H and 31P NMR spectroscopies, IR 
spectroscopy, and magnetic susceptibility; it gives them experience in setting up 
and running catalytic and control reactions, specifically the catalytic oxidation of 
1-phenylethanol to acetophenone; and it gives students experience in analyzing 
their products from their catalytic reactions and control reactions using 1H NMR 
spectroscopy and calculating the turnover frequency (TOF) of their precatalyst.  
The laboratory is reliable and safe and the chemicals required for the laboratory 
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are relatively inexpensive. The students enjoy working in the glove box and 
performing catalytic reactions that are being utilized in research.  The students 
learn how to measure mass and volume and perform filtrations within the glove 
box.  The students also learn how to use the antechamber to bring materials into 
and out of the glove box, how the Cu(I) catalyst scrubs oxygen from the box and 
how molecular sieves work to remove water from the box. (4)   The lab instructor 
prepared all of the solvents used within the glove box by subjecting them to at 
least six successive freeze-pump-thaw cycles. 
 
Background 
! Transfer hydrogenation is defined as “the reduction of multiple bonds with 
the aid of a formal hydrogen atom donor in the presence of a catalyst,” as shown 
in equation 1. (6)  
A  + DH2  ! AH2 + D         (eq. 1) 
In equation 1, DH2 donates H
+ and H- to A.  
 Catalytic hydrogen transfer can be applied to either reduction or oxidation 
reactions.      In this laboratory, we will focus on catalytic oxidation reactions.     
 Ruthenium, rhodium and iridium metal complexes have been reported for 
catalytic hydrogen transfer.  Complexes containing these metals are most 
common for transfer hydrogenation. (7) Palladium, copper, titanium, 
molybdenum, tungsten, and rhenium metal complexes have also been reported 
for catalytic dehydrogenation. (7) 
 In a homogeneous hydrogen transfer oxidation reaction, acetone is 
utilized as both a solvent and a hydrogen acceptor (equation 2). 
 
R R'
HO H
+
O
R R'
O
+
HO H
(eq. 2)
catalyst, base
reflux  
 
Since most hydrogen transfers are thermodynamically driven processes, acetone 
is present in a large excess to drive the reaction to completion.  Acetone is easy 
to handle (b.p. 56 oC), inexpensive, unreactive towards most functional groups, 
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and dissolves many organic compounds.  Acetone will be reduced to 2-propanol, 
(b.p. 82 oC), which can be easily removed from the reaction mixture.   
  The addition of base is necessary when acetone is used as a hydrogen 
acceptor.  The alcohol substrate must be deprotonated to form an alkoxide (see 
mechanism) and moves the equilibrium towards the formation of the alkoxide.    
Bäckvall and Crabtree have independently utilized potassium carbonate and 
other carbonate bases for transfer hydrogenation. (3, 8) 
 
Mechanism: (9) 
 Bäckvall et al. have proposed a mechanism for the oxidation of alcohols 
using ruthenium complexes (Scheme 1). (10)  
 
Scheme 1:  Proposed catalytic cycle for the dehydrogenation of alcohols by 
acetone in the presence of RuCl2(PPh3)3. 
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 In the first step of the proposed mechanism, the base, K2CO3, 
deprotonates the alcohol substrate and a ruthenium alkoxide, 1a, is formed.  
Next, a !-hydride elimination happens to produce a carbonyl compound and a 
ruthenium hydride, 1b.  This hydride compound can then react with acetone, the 
hydrogen acceptor, via insertion of the acetone in the ruthenium hydride bond to 
produce another ruthenium alkoxide complex, 1c.  An exchange reaction of 1c 
with a molecule of the substrate alcohol gives 2-propanol and 1a is regenerated.  
The function of the base, K2CO3, is to form the initial nucleophilic alkoxide. 
 
Experimental Procedure 
Synthesis of RuCl2(PPh3)3 : (2) 
RuCl3·xH2O  + nPPh3! [RuCl2(PPh3)3] + other products  (eq. 3) 
!
! In a typical reaction, a three-necked 100 mL round bottom flask is charged 
with ruthenium trichloride trihydrate (2.00 x 10-3 moles), a stir bar, and methanol 
(20 mL).  This solution is refluxed under nitrogen gas for 5 minutes in a sand 
bath.  Two necks are stoppered and a reflux condenser is attached to the third 
neck.  The nitrogen gas is connected to the top of the reflux condenser.  The 
reaction mixture is allowed to cool to room temperature and triphenylphosphine 
(1.20 x 10-2 moles) is added to the reaction mixture.  This brown solution is 
refluxed under nitrogen gas for 2.5 hours.  During this time, a brown precipitate 
forms.  The reaction is allowed to cool to room temperature, purged with nitrogen 
gas and then brought into the glove box. 
 The precipitate is collected by gravity filtration (filter paper # 1) using a 
conical funnel in the glove box.  The resulting brown solid is washed with diethyl 
ether (3x, 15 mL each) and is stored in the glove box. 
 
Characterization of RuCl2(PPh3)3: 
 The students characterize the complex using 1H and 31P NMR (in CDCl3), 
IR spectroscopy, and magnetic susceptibility.  The NMR, and magnetic 
susceptibility samples are prepared inside the glove box.     
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Typical Procedure for Catalytic Reaction: 
 In the glove box, a triple neck 100 mL round bottom flask is charged with 
RuCl2(PPh3)3 (1.2 x 10
-4 moles), and K2CO3, (1.0 x 10
-3 moles) and a stir bar.  
Then, in the glove box, the substrate for catalysis, 1-phenylethanol, (1.0 x 10-3 
moles) and the internal standard mesitylene (1.0 x 10-3 moles) are then carefully 
added to a vial followed by 15 mL of dry acetone.  This acetone solution is then 
added to the round bottom flask and the reaction solution becomes yellow/brown 
in color.  A green reaction solution indicates that the RuCl2(PPh3)3 has oxidized.  
The round bottom flask is capped with rubber stoppers and the round bottom is 
removed from the glove box. 
 The round bottom is then carefully and quickly attached to a reflux 
condenser under a positive pressure of nitrogen gas and the contents are 
refluxed under nitrogen using a sand bath. 
After 1h and 2h of heating under reflux, aliquots of the reaction solution (2 
mL) are removed using a syringe and a needle and added to about 50 mL of n-
hexane in order to quench the reaction.  The hexane/reaction mixture is then 
filtered through Celite, which is packed into a conical funnel. The solvent is 
removed under reduced pressure using a rotary evaporator to yield a dark brown 
oil.   
 
Characterization of Catalytic Reactions:   
 The 1H NMR of the reaction mixture is measured after 1h and 2h of 
heating and the percent yield of the product can also be determined after each 
aliquot is removed.  The resonances of mesitylene are used to determine the 
percent yield of the product after these reaction times. 
 
Control Reactions: 
 Every pair of students is assigned a control reaction.   Following the 
catalytic reaction and characterization procedure described above, the control 
reaction contains either RuCl2(PPh3)3, substrate, mesitylene, (no K2CO3) and 
acetone, or K2CO3, substrate, mesitylene, (no RuCl2(PPh3)3), and acetone.  
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Results and Discussion 
Synthesis and Characterization of RuCl2(PPh3)3: 
 A typical student isolated yield for the synthesis of RuCl2(PPh3)3 is 42 %.   
 A 1H NMR and 31P NMR of RuCl2(PPh3)3 are acquired in CDCl3. NMR 
samples are prepared in the inert atmosphere glove box. The 1H NMR of 
RuCl2(PPh3)3 shows resonances at ! 7.00 ppm (m, 15H) and 7.28 ppm (m, 30 
H).  These protons corresponded to the aromatic protons in triphenylphosphine.  
The 31P NMR showed resonances at ! 30.28 ppm, 41.62 ppm, and 52.152 ppm.  
These resonances are shifted upfield compared to the phosphorous resonance 
for free triphenylphosphine in CDCl3 solution (! -4.3 ppm).  The appearance of 
new resonances suggests that the triphenylphosphine is coordinated to the 
ruthenium metal center. The 1H and 31P NMR of RuCl2(PPh3)3 are shown below 
in Figures 1 and 2. 
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Figure 1:  300 MHz 1H NMR of RuCl2(PPh3)3 in CDCl3. 
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Figure 2: 161.9 MHz  31P NMR of RuCl2(PPh3) in CDCl3 
 
 
 IR data is also collected in the solid phase for RuCl2(PPh3)3 and 
RuCl3·xH2O  using an attenuated total reflectance (ATR) attachment.  The FTIR-
ATR spectrum of RuCl3·xH2O is collected to show that the starting material is 
converted to product.  The RuCl3·xH2O spectrum (Figure 3) shows the 
characteristic O-H stretch at 3275 cm-1 and the Ru-O stretch at 1581 cm-1.  The 
Ru-Cl stretches expected to appear between 300 and 200 cm-1 cannot be 
observed in this spectrum. (11)  The FTIR-ATR spectrum of RuCl2(PPh3) is 
different than that of RuCl3·xH2O suggesting that a reaction has occurred.  The 
large, broad O-H stretch and the high intensity Ru-O stretch are no longer seen. 
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The appearance of several new peaks not present in the starting material also 
suggests that a reaction has occurred.  In the FTIR-ATR spectrum of the product 
(Figure 4), the C-H aromatic stretches are seen at 3058 cm-1 and the C-H 
bending vibrations are seen at 742 and 693 cm-1.  The C=C aromatic stretches 
are seen at 1480 and 1432 cm-1.  The Ru-P and Ru-Cl stretches are not 
observed. 
 
Figure 3:  FTIR-ATR spectrum of RuCl3·xH2O 
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Figure 4:  FTIR-ATR spectrum of RuCl2(PPh3)3 
 
 
  Magnetic susceptibility data is collected for RuCl2(PPh3)3 using a Johnson 
Matthey magnetic susceptibility balance.  The µeff was calculated to be 0 BM, 
which is consistent with square pyramidal geometry about the ruthenium center. 
(12)   
Activity of Pre-Catalyst: 
 Once the RuCl2(PPh3)3 is prepared, it is screened for activity for the 
conversion of 1-phenylethanol to acetophenone in the presence of acetone and 
K2CO3 (eq. 4).  The precatalyst loading is 10 mol %.   
HHO
+
O
reflux under N2
10 mol %
RuCl2(PPh3)3,
K2CO3
O
+
HO H
(eq. 4)
 
 
A non-reactive internal standard, mesitylene (1 eq), is added to quantify the 
percent yield of the acetophenone product.  The 1H NMR of mesitylene in CDCl3 
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has a singlet at ! 2.32 ppm, which integrates to 9H and a singlet at ! 6.84 ppm, 
which integrates to 3H.  These resonances do not overlap with the 1H NMR 
resonances of either the starting material or the product.    
 A control reaction is also run with no RuCl2(PPh3)3 present.   The catalytic 
reaction is also carried out using commercially available RuCl2(PPh3)3 purchased 
from Strem. 
 The percent yields for the catalytic and control reactions are determined 
using 1H NMR after reaction times of 1 and 2 hours.    
 The activity of the catalyst is determined by calculating the turnover 
frequency (TOF), which is defined in equation 5: 
   
 TOF = (moles product)/(moles catalyst)/(time (h))   (eq. 5). 
 
A higher turnover frequency indicates a more active catalyst. 
 Student results are summarized in Table 1.    Typical 1H NMR spectra in 
CDCl3 for the catalyzed reactions after 1 hour are shown in Figures 5 and 6. 
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Figure 5:  300 MHz 1H NMR of catalyzed reaction after 1 hour using synthesized 
RuCl2(PPh3)3. 
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Figure 6:  300 MHz 1H NMR of catalyzed reaction after 1 hour using 
commercially available RuCl2(PPh3)3. 
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Table 1:  Summary of Percent Yield and Turnover frequencies for catalytic and 
control reactions 
 TOF (turnovers/h) % Yield after 1h % Yield after 2h 
Synthesized 
RuCl2(PPh3)3 
3 37 54 
Control Reaction - < 5 < 5 
Commercial 
RuCl2(PPh3)3 
4 88 88 
 
 The data in Table 1 suggests that the catalyst purchased from Strem is 
more efficient than the prepared catalyst.  The work-up in the laboratory did not 
include any recrystallization steps, which were carried out by the manufacturer.  
No product resonances were in either 1H NMR spectrum for the control reaction.  
Thus, RuCl2(PPh3)3 is necessary for this transformation. 
 At the end of the experiment, the students write a lab report in the form of 
a journal article where they describe their results and include catalytic and control 
results from other groups.   
 
Conclusions 
 A lab experiment is presented for Advanced Inorganic Chemistry students.  
The students synthesize and characterize RuCl2(PPh3)3 and use it as a 
precatalyst for the oxidation of 1-phenylethanol to acetophenone.  The laboratory 
is completed in three four-hour laboratory periods and serves to introduce 
students to air-sensitive chemistry and homogenous catalysis. 
 
Special Equipment, Instruments, and Chemicals 
MBraun Inert Atmosphere Glove Box 
Johnson Matthey Magnetic Susceptibility Balance 
Bruker 300 MHz NMR Spectrometer 
Rotary evaporator 
Avatar 360-FTIR with ATR Attachment 
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Schlenk Line 
Ruthenium trichloride hydrate  
dichlorotris(triphenylphosphine)ruthenium(II) 
Methanol 
Mesitylene  
Triphenylphosphine 
Potassium Carbonate 
1-phenylethanol 
Acetone 
Diethyl Ether 
Deuterated Chloroform 
Celite 
n-hexane 
 
Hazards 
 All of the organic solvents are flammable.  Deutero-chloroform is a 
carcinogen.  Ruthenium (III) chloride hydrate is corrosive to the skin and eyes.  
All of the reactions and all work ups take place in the hood.  Students wear safety 
glasses/goggles and gloves when working. 
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! *(
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 Hazards and Safety Instructions for Students 
 Instructor Notes 
 
  
 
 
Notes 
 
1  Advanced Inorganic Chemistry has both lecture and laboratory components.  
Physical Chemistry I is a co-requisite for the course.   
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